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Objective: To provide an overview of currently available sen-
sorimotor assessment techniques.

Data Sources: We drew information from an extensive re-
view of the scientific literature conducted in the areas of pro-
prioception, neuromuscular control, and motor control measure-
ment. Literature searches were conducted using MEDLINE for
the years 1965 to 1999 with the key words proprioception, so-
matosensory evoked potentials, nerve conduction testing, elec-
tromyography, muscle dynamometry, isometric, isokinetic, ki-
netic, kinematic, posture, equilibrium, balance, stiffness,
neuromuscular, sensorimotor, and measurement. Additional
sources were collected using the reference lists of identified
articles.

Data Synthesis: Sensorimotor measurement techniques are
discussed with reference to the underlying physiologic mecha-

nisms, influential factors and locations of the variable within the
system, clinical research questions, limitations of the measure-
ment technique, and directions for future research.

Conclusions/Recommendations: The complex interactions
and relationships among the individual components of the sen-
sorimotor system make measuring and analyzing specific char-
acteristics and functions difficult. Additionally, the specific as-
sessment techniques used to measure a variable can influence
attained results. Optimizing the application of sensorimotor re-
search to clinical settings can, therefore, be best accomplished
through the use of common nomenclature to describe under-
lying physiologic mechanisms and specific measurement tech-
niques.
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been accompanied by an equally rapid increase in focus
on basic and clinical research. Many elements of the
profession, such as the boost in research submissions to the
Journal of Athletic Training and increase in the size of the
Free Communications Program of our National Athletic Train-
ers’ Association Annual Meeting and Clinical Symposia, pro-
vide the supporting evidence for this statement. It is essential,
however, that as more research is conducted within the pro-
fession, such research be completed in a manner that allows
for common understanding between researchers and clinicians.
Therefore, the purpose of our article is to provide an overview
of the currently available sensorimotor measurement tech-
nigues in an attempt to initiate a basis for the needed under-
standing. For each measurement technique discussed, the ma-
jor underlying physiologic mechanisms, influential factors, and
location of the variable within the sensorimotor system will be
identified. Additionally, in the context of the current article,
we will give a few representative examples of investigations
using each technique that have led to advancements in our
understanding of the system in either normal or pathologic
states.
Maintaining functional joint stability through complemen-
tary relationships between static and dynamic restraints is the
role of the sensorimotor system.1—3 The sensorimotor system

The rapid growth of the athletic training profession has

encompasses all of the sensory, motor, and central integration
and processing components involved in maintaining functional
joint stability.r In our previous articles,23 we reviewed the
anatomy and physiology of the entire sensorimotor system. As
can be surmised through those reviews, the complex interac-
tions and relationships among the individual components of
the sensorimotor system make measuring and analyzing spe-
cific characteristics and functions extremely difficult. Adding
further complexity are the numerous compensatory mecha-
nisms interspersed throughout the system. For example, the
normal ability to close one's eyes during stance without loss
of postural equilibrium resides with the ability of the somato-
sensory and vestibular senses to provide sufficient afferent in-
formation despite the absence of visua input. Similarly, ves-
tibular sense—deficient persons are able to maintain
equilibrium as long as visual or somatosensory (or both) inputs
are available If we were to assess postural stability in these
patients, we might not detect a vestibular sense deficiency un-
less visual or somatosensory (or both) contributionswere elim-
inated or reduced. Many similar compensatory mechanisms
exist throughout the various areas of the sensorimotor system.
In research involving surgical manipulation of animal models
(eg, decerebrate animals), isolation of specific sensorimotor
components and mechanisms can be performed. In contrast,
investigations involving human subjects usualy require the
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use of groups with known or specific deficiencies or the in-
duction of temporary alterations (eg, nerve blocks), or both.
Although many different measurement techniques and instru-
ments are currently available for in vivo human research, only
a few can purely evaluate the target variable of interest in
isolation.

Most assessment techniques currently available evaluate the
integrity and function of sensorimotor components by mea-
suring variables along the afferent or efferent pathways or the
final outcome of skeletal muscle activation or a combination
of these. Currently, no direct assessment methods are available
to isolate the higher central integrating and processing centers.
From a physiologic perspective, we stress the importance of
being as specific as possible in referring to both the variable
and suspected mechanisms. It is essential that both factors be
considered during any interpretation of results. We use assess-
ment of reflex latency in response to an imposed joint pertur-
bation with electromyography (EMG) as an example. The var-
iable being measured is onset of muscle activity, a variable
located on the efferent pathway. In this example, it is neces-
sary to recognize the presence of both the underlying mech-
anism and influencing factors. The major underlying mecha-
nism leading to elicitation of the variable involves the afferent
acquisition and transmission to central integration or process-
ing centers (or both), where the propagation of an efferent
neural signal to the muscle can be initiated. The pathway
through the central nervous system can range from a simple
monosynaptic relay to the efferent neurons' more complex
polysynaptic reflex pathways that include transmission through
the brain stem to voluntary activation initiated by the motor
cortex. Many factors influence this mechanism, such as the
integrity of the mechanoreceptors and the level and type (fa
cilitatory or inhibitory) of descending supraspinal control over
the neural pathways. All of these factors must be considered
in the fina interpretation of the variable.

Additional factors that confound valid and reliable variable
measurement are the specific techniques used in data collec-
tion, processing, and analysis. Each of these can have pro-
found effects on the final outcome of a measurement and
thereby influence the reported results. Reverting back to our
joint perturbation example, such factors include details of sub-
ject instruction, anticipation and expectations, number of trials,
data sampling frequencies, and filtering and smoothing tech-
niques. Although controversy will always surround many of
the measurement techniques, there is no substitute for clearly
describing the exact procedures used. Attention to each of
these will facilitate the common understanding of both clini-
cians and researchers.

PERIPHERAL AFFERENT ACQUISITION AND
TRANSMISSION MEASUREMENTS

Proprioception

Severa different testing techniques have been developed to
measure the conscious submodalities of proprioception. Be-
cause there are 3 submodalities (joint position sense [JPY],
kinesthesia, and sense of tension), clarification is required to
distinguish the target variable of the assessment. The JPS test
measures the accuracy of position replication and can be con-
ducted actively or passively in both open and closed kinetic
chain positions. Both direct measurements of replicated joint
angles®® (goniometers, potentiometers, video) and indirect

measures? (visual analog scales) have been used. Kinesthesia
testing is conducted by measuring the threshold to detection
of passive motion (TTDPM), or more specific testing can be
conducted by using the criterion of threshold to detection of
passive motion direction (TTDMD).10-12 The TTDMD as-
sesses one’s ability to not only detect motion but also detect
in which direction the motion is occurring. Slow speeds, rang-
ing from 0.5 to 2°/s, are used to target the slow-adapting mech-
anoreceptors, such as Ruffini endings or Golgi-type organs.13
The sense of tension is measured by comparing the ability of
subjects to replicate torque magnitudes produced by a group
of muscles under varying conditions.

Common to al currently available proprioception testing
methods are dependencies on conscious appreciation (percep-
tion) of mechanoreceptor signals. As detailed in our previous
article,3 proprioceptive information travels to the higher brain
centers through the dorsal lateral tracts (conscious apprecia-
tion) and the spinocerebellar pathways (stimulation and regu-
lation of motor activities). The precise quantities being con-
veyed to both ascending tracts from each type of
mechanoreceptor, as well as the temporal relationship between
arrival at the cerebellum and the somatosensory cortex, remain
unknown. Additionally, whether the quantity necessary for
conscious perception is identical to the requirements for motor
control is unknown.

The sources of conscious proprioceptive information poten-
tialy include joint, muscle, and cutaneous mechanorecep-
tors.14-23 Existing evidence supports the receptors in each tis-
sue as the primary source, so this topic remans very
controversial .3 In addition, visua and auditory signals can pro-
vide additional cues to JPS, TTDPM, and TTDMD. For ex-
ample, seeing the position or movement of the limb (vision)
or hearing the instrumentation begin to move the joint (audi-
tory) prevents conclusions from being accurately drawn re-
garding conscious proprioceptive acuity. In addition, if an as-
sessment is attempting to focus on the integrity of capsular
mechanoreceptors, appropriate precautions are needed to re-
duce supplemental proprioceptive information arising from cu-
taneous mechanoreceptors. In other words, the effects of a
deafferentated joint on proprioceptive acuity might go unde-
tected without specific attention to reducing or eliminating
supplemental sources of information. A good example would
be stimulation of cutaneous mechanoreceptors caused by sta-
bilization straps.

Unfortunately, discrimination between muscle and joint af-
ferents cannot be accomplished without more sophisticated ex-
perimental manipulation. Methods used to reduce inputs from
cutaneous, muscle, and joint mechanoreceptors include anes-
thesia and ischemia.242> Vibration is a technique that has been
specifically used to induce stimulation of the muscle spindle
afferents, thereby changing muscle tone and, ultimately, the
information provided by the muscle spindles.2627 With respect
to conscious proprioception perception, vibration could be in-
corporated into assessments to potentialy determine muscle
spindle contributions.

A wide variety of equipment and instrumentation, including
commercia isokinetic dynamometers, electromagnetic track-
ing devices, and custom-made jigs, has been developed to
measure conscious appreciation of proprioception. In our lab-
oratory, we use a motor-driven proprioception testing device
that can passively move the limb for both kinesthetic and pas-
sive JPS assessment (Figure 1). Subjects are fitted with a
blindfold, headphones, and pneumatic cuff to eliminate con-
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Figure 1. The proprioception testing device is a motor-driven jig
used to test both position sense and kinesthesia. Subjects are fit-
ted with a blindfold, headset containing white noise, and pneu-
matic sleeve to negate visual, audio, and tactile cues.

Figure 2. The electromagnetic motion tracking device is used to
assess position sense and replicate movement patterns and for 3-
dimensional kinematic analysis of movement.

founding cues to motion detection and JPS, including vision,
audible sensing of the motor-driven apparatus, and vibration
induced by motor on the limb. A unique feature of the device
is its ability to conduct assessments at very slow speeds
(<0.5°/9), unlike most isokinetic devices with minimum
speeds of 2°/s.

In addition to the proprioception testing device, we have
also used an electromagnetic tracking system to measure the
ability to actively reproduce given joint positions or paths of
motion (Figure 2). The big advantage of such a device is that
subjects have free, unrestricted movement, unlike in the pro-
prioception testing device, where they are limited to 1 degree
of freedom (eg, knee flexion-extension or humeral rotation).
Thisis especialy important at the shoulder joint, where natural
movement patterns involve multiplanar movements.

Numerous studies using the previously mentioned approach-
es have been conducted to compare conscious proprioceptive
acuity (JPS and kinesthesia) between normal and pathologic

groups at the ankle28-32 knee,7.910.1233-36 gnd shoulder837
joints. Although some of these investigators have found defi-
Cits,810.12,28,31,32.34-37 gthers have not.”-3033 Possible expla-
nations for the different results include the failure to control
any of the previously mentioned confounding factors, inherent
instrumentation differences (eg, position of the patient with
respect to gravity), varying methodologic approaches (eg, an-
gular positions, speed of passive movements), and different
subject characteristics (eg, pathologic group compared with
control group versus bilateral comparison).

In addition to comparisons between pathologic and healthy
joints, research considering conscious appreciation of propri-
oception has been conducted in several related areas. The abil-
ity of surgical intervention to restore conscious proprioceptive
acuity along with mechanical stability has been examined.”.8:38
Additionally, the suggestion that a decrease in proprioception
may predispose one to joint injury prompted investigators to
prospectively consider proprioceptive acuity before an athletic
season3? and after varying intensities and modes of exer-
cise.64041 | astly, investigators have examined the relation-
ships between conscious proprioceptive acuity and functional
activity tests,3436 functional rating scores,®42 and hamstrings:
quadriceps peak torque ratios™ to determine the degree to
which conscious proprioceptive acuity relates to more func-
tional measures. Future research directions include validating
conscious proprioceptive acuity through simultaneous mea-
surement of afferent pathway action potentials (ie, microneu-
rography) and correlating decreases in conscious propriocep-
tion with deficits in sensorimotor control over dynamic joint
stability.

Somatosensory Evoked Potentials

Evoked potentials are methods of testing the integrity of
afferent pathways to the cerebral cortex. These techniques,
which are traditionally and predominantly used in neurology
to confirm and localize sensory abnormalities, involve mea-
suring neurophysiologic and electroencephal ographic respons-
es to stimulation of sensory sources (somatosensory, visual,
and vestibular).** The cortical evoked responses are complex
waveforms that represent the sensory impulse traveling to the
sensory cortex.*® Specific to the somatosensory afferent path-
ways, the technique is referred to as somatosensory evoked
potentials (SEPs). The SEPs can be €licited either through
transcutaneous electrical stimulation of peripheral nerves and
sensory organs or more physiologic stimuli such as joint
movement.#6 Once a stimulus is given peripherally, measure-
ments can be made along the afferent pathways. For example,
after an electric stimulus is delivered to the wrist (median
nerve), the nerve action potentials can be detected as they
propagate centrally at the level of the brachial plexus (Erb
point), midcervical spinal cord (fifth cervical vertebrae), upper
midbrain-thalamus, and somatosensory cortex.44

The techniques are performed by introducing an electric po-
tential with known characteristics (eg, peak characteristics,
amplitude, and wavelength) to the afferent pathway. How
these characteristics change along the pathway is then as-
sessed. Common variables assessed include the amplitude
changes, wavelength changes, and |atencies between introduc-
tion of the potential and measurement of the potential along
the pathway. The luxury of this technique is that it allows for
the establishment of objective evidence of abnormality or de-
ficiency by identifying if and where lesions occur along the
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afferent pathway.#6 Unfortunately, neurophysiologists have a
difficult time correlating sensory deficits with results from SEP
testing because it is difficult to evaluate the submodality of
the sensory system by simple stimulation of peripheral afferent
nerves.*6

Several recent investigations using SEPs have made some
important contributions to our understanding of the sensori-
motor system. By selectively inducing ischemia at the base of
the finger and shoulder, Mima et al*6 confirmed the importance
of muscle afferents for the dynamic aspect of proprioception.
Pitman et al*®> demonstrated a direct link between the anterior
cruciate ligament (ACL) and the sensory cortex, with the
greatest potentials being recorded on stimulation of the liga-
ment’s midsubstance. Additionally, significant correlations be-
tween kinesthetic deficits (ie, deficits in detecting joint motion)
and SEP abnormalities from the afferent pathways from the
ACL have been demonstrated in ACL-deficient individuals.*”
The patterns of alterations in SEPs led the authors to speculate
that the central nervous system had undergone modification
and reorganization processes after the periphera inputs were
lost. Lastly, Barrack et al*® recently used SEPs to suggest the
occurrence of reinnervation in central-third patellar tendon
grafts. At the shoulder, Tibone et a*® demonstrated that no
differences exist in evoked potentials between people who are
unstable at the shoulder and a healthy population. As such,
the decreased proprioception that was demonstrated at the
shoulder probably results from the increased tissue laxity de-
creasing mechanoreceptor stimulation rather than tissue deaf-
ferentation. Further research is needed using SEPs to advance
our understanding of periphera afferent receptors projecting
on the cortex and the alterations and modifications demonstrat-
ed by higher central nervous system areas in their absence.

EFFERENT TRANSMISSION MEASUREMENTS

Nerve Conduction Testing

Nerve conduction testing (NCT) is an objective method of
assessing the functional status of the peripheral apha motor
neuron system.>0 The basis for NCT resides with the proximal
and distal reaction propagation that occurs along an entire
nerve after electric stimulation. Motor neurons that are readily
measured include the median, ulnar, common peroneal, and
posterior tibial .51

In addition, NCT is performed using both an electric current
generator and EMG recording. An electric current with known
characteristics (eg, amplitude and wavelength) is applied to the
efferent, the neural pathway, usually on the innervating nerve.
Then EMG recordings are taken distal to the applied current,
usually on the desired muscle. For example, ulnar nerve motor
nerve conduction testing is performed by stimulating the ulnar
nerve at the wrist while recording changes in the induced cur-
rent at the fifth finger and hypothenar eminence.52 Two limi-
tations exist with NCT. First, the technique is often performed
with needle-type electrodes. This can be very uncomfortable
for the patient. Second, the timing of the test is critical.>3 It
may take as long as 3 weeks after injury for deficits to man-
ifest in an NCT, even in the presence of positive clinical find-
ings.2® This can be extremely problematic in the sports med-
icine setting, where there is often pressure for quick
return-to-play decisions. As with many conditions, a lack of
objective signs and subjective symptoms does not always
mean the patient is injury free.

Also, NCT can assess severa variables. Commonly, nerve
conduction velocity is the assessment that is erroneously men-
tioned by physicians when, in fact, they are assessing other
variables.52 The change in amplitude is far more important for
diagnosis of neuronal lesions than are the velocity changes.52
Conduction velocity is measured by calculating the velocity
between the stimulation of one point and the recording of the
introduced current.53 The limitation of conduction velocity as-
sessment is that aterations in velocity may only manifest in
lesions that cause focal slowing.52 Unlike conduction velocity,
amplitude changes indicate not only myelination changes but
also loss of intact axons, no matter what type of lesion exists.52
Amplitude assessment indicates the number of intact axons
that exist along the nerve innervating a muscle (ie, a decrease
in intact axons results in a decrease in amplitude between the
introduced and recorded current characteristics). Often, these
results are compared with the uninvolved, contralateral limb
for a measure of control.

With respect to an orthopaedic application, numerous re-
ports have been published demonstrating impaired motor
nerve conduction velocity after injury.54-57 Kleinrensink et
al>’ reported dterations in the superficial and deep peronea
nerves after inversion ankle injury, suggesting a possible con-
tributing factor to functional ankle instability. Di Benedetto
and Markey®8 used nerve conduction velocity testing to assess
motor deficitsin football players with diagnosed brachial plex-
opathies. Nerve conduction was determined for the muscles
supplied by the long thoracic, suprascapular, muscul ocutane-
ous, axillary, lateral pectoral, and thoracodorsal nerves. Con-
duction slowing was present in 16 of the 18 injured football
players tested. With NCT, the authors were able to conclude
that the abnormalities most likely resulted from compression
of the most superficialy located fibers of the brachial plexus
at the Erb point. The results suggested that the most significant
causative factor was ill-fitting shoulder pads against the neck
during tackling.5® Further researchers should consider ater-
ations in NCT as an objective assessment tool and possible
factor in functiona joint instability.

Muscle Activation Patterns

Electromyography is a tool that provides for the detection
of electric activity accompanying skeletal muscle activa-
tion.59-61 The information gathered through EMG can be used
to determine the initiation, cessation, and magnitude of muscle
activity. Generally, 3 fundamental types of variables arise from
EMG: onset, amplitude, and frequency. Although initially
EMG may appear to be a straightforward process, closer in-
spection quickly reveals a complicated and tedious assessment
technique. Confounding factors that arise from physiologic,
anatomical, and technical elements surround both signal ac-
quisition and processing. These elements can directly influence
the apparent results attained. Effective EMG use and interpre-
tation requires one to understand as much as possible the
sources of each of these elements and their influences on EMG
signals.®0 Several comprehensive discussions and monographs
detailing the current understandings and developments have
been written.59-61 Further, because the acquisition and pro-
cessing methods used will influence EMG signals, clinicians
and researchers should make extensive efforts to meet the rec-
ommended publication standards advocated by the Journal of
Electromyography and Kinesiology.

Electromyography measures the myoelectric event associated
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with muscle contraction.61:62 On receiving an action potentia
from the motor neuron, a muscle action potential propagates
bidirectionally along the muscle fibers.6162 Electromyography
uses electrodes to detect and record the depolarization wave
front and subsequent repolarization that occurs as part of the
muscle action potential .61

The 2 electrode types commonly used in neuromuscular and
biomechanical research are surface and fine wire. Generally,
surface electrodes are used for superficial muscles and tend to
record a greater muscle area than fine-wire electrodes®3; how-
ever, because of their large collection area, the risk of col-
lecting muscle activity from unwanted muscles (eg, cross-talk)
is high. To decrease this risk, standardized electrode positions
are helpful in isolating the desired muscles. Unfortunately,
only onerelatively recent article has addressed €l ectrode place-
ment.54 However, Basmajian and Blumenstein®® provided a
general description of surface-electrode placement for clinical
biofeedback assessment. Generally, a site halfway between the
innervation zone and the distal myotendinous junction is rec-
ommended.5° In conjunction with a bipolar configuration,
electrodes should be placed paralée to the direction of the
muscle fibers, with a 1-cm interelectrode distance.®® The par-
allel orientation is critical to ensuring phasic delays between
the 2 electrodes.6” Silver-silver chloride electrodes are consid-
ered the optimal materias for surface electrode construction
because of their electrochemical stability.6° An additional con-
sideration associated with surface EMG is adequate skin prep-
aration. Komi and Buskirk®3 established the reliability of sur-
face-electrode EMG as an intraclass correlation coefficient of
0.88 to 0.91 within sessions and 0.64 to 0.73 between testing
sessions for amplitude characteristics of the signal.

To assess muscles that cannot be recorded with surface elec-
trodes because of their location, fine-wire electrodes are ad-
vocated.53 Fine-wire electrodes consist of some type of con-
ducting wire that is inserted intramuscularly through a cannula
(Figure 3A). For example, because of the deep anatomical ori-
entation of the rotator cuff muscles, fine-wire EMG is neces-
sary to measure their muscle firing characteristics (Figure 3B).
The fine-wire electrodes can be constructed with either a sin-
gle-wire or dua-wire design.6268 The dual fine-wire configu-
ration described by Basmajian et al®269 is currently the gold
standard in biomechanical-neuromuscular research. The reli-
ability of fine-wire electrode use is somewhat less than that
for surface-electrode EMG. Komi and Buskirk®3 reported that
reliability coefficients for amplitude characteristics of the sig-
nal within sessions were approximately 0.62, whereas the be-
tween-day coefficients were approximately 0.55. Compro-
mised reliability may result from fine-wire electrode
movement or fracture within the muscle. Jonsson and Bagge™
reported that fine-wire electrodes may migrate as much as 14.6
mm and fracture with movement. Both Basmajian and De-
Luca®2 and Jonsson and Bagge”™ recommended performing
several contractions of the desired muscle before data collec-
tion to fix the electrode within the muscle tissue. In terms of
fracture prevention, Jonsson and Bagge’® suggested that 0.05-
mm fine wire is less likely to fracture than 0.025-mm wire.
Fortunately, the risk of pain and infection associated with wire
fractures is minimal, and they can often be left untreated.”
Like surface EMG, fine-wire EMG requires correct placement
to avoid cross-talk. Fortunately, a plethora of literature de-
scribes fine-wire el ectrode placement.”1-75 Giroux and Laman-
tagne’® reported that EMG data collected with both fine-wire
and surface electrodes were statistically similar.

Figure 3. A, Dual fine-wire electrode used for electromyographic
assessment of muscle activity. B, Electrode insertion for assess-
ment of deep muscles; the supraspinatus muscle is shown.

Other important EMG hardware considerations include the
use of on-site preamplifiers (active electrodes) to reduce arti-
fact and noise,”” high-quality differential amplifiers with high
common-mode rejection ratios,®! appropriate antialiasing fil-
ters, and adequate sampling frequency during anal og-to-digital
conversion. Based on the frequency spectrum of EMG pre-
sented by Winter,61 surface EMG data need to be sampled at
1000 Hz, whereas fine-wire data should be sampled at higher
rates (>2000 Hz).

In addition to varied hardware components and character-
istics, awide variety of data processing approaches have been
used in the literature, each aimed at extracting pertinent in-
formation. Because the resulting muscle forces and joint
torques are of much lower frequencies than raw EMG signals,
the most common processing approach involves amplitude de-
modulation (linear envelope detection).%” In this process, the
raw biphasic EMG signal is first full-wave rectified and then
subsequently undergoes some form of smoothing function
(Figure 4). Frequently used to smooth the signal are low-pass
filters such as Butterworth, Chebycheev, or Paytner. The lower
the cutoff frequency of the filter, the smoother the signal. The
tradeoff to smoother signals is increased phase distortions.
Thus, many researchers use zero-phase lag filters during the
creation of the linear envelope. Once the linear envelope is
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Figure 4. Raw electromyographic signal (A) that has been full-wave
rectified (B), smoothed using a 10-Hz low-pass filter (C), and am-
plitude normalized to a maximum voluntary contraction (D).

created, the signals can be time and amplitude normalized
(Figure 4) and variables of interest can be calculated.
Because EMG is specific to the sensorimotor system, it pro-
vides a means to examine several aspects of the dynamic re-
straint mechanism. First, EMG has been used to measure the
reflexive responses to ankle (Figure 5A) and knee joint pertur-
bations.”80 Three characteristics of reflexive responses are
often considered: onset latency, sequence of activation, and
peak activation (Figure 5B). Onset latency refers to the time
between stimulus and the initiation of muscle electrical activity
as detected through EMG. Sequence of activation refers to the
order in which each muscle is activated. Peak activation refers
to the maximum amplitude the EMG signal reaches during the
reflexive response. For example, in Figure 5, the sequence of
activation is peroneus brevis, peroneus longus, and anterior
tibialis. Although reflexes in response to joint perturbation
have been traditionally considered to arise from direct con-
nections between ligamentous and capsular mechanoreceptors
and apha motor neurons,”8.8081 more recent research supports
the premise of muscle spindles as the initiating sensory or-
gans.82 As our previous articles?3 detailed, ligamentous and
capsular mechanoreceptors are essential for modulating mus-
cle-spindle sensitivity via the gamma efferent system. In other
words, stimulation of gamma motor neurons heightens muscle-
spindle sensitivity, which in turn increases the level of muscle
activation existing in the muscle at a given instant. Whether
surface EMG is sensitive enough to detect differencesin levels
of muscle activation both before and after a perturbation stim-
ulus as a result of gamma-system modulation over muscle-
spindle response sensitivity remains unknown. An additional

Figure 5. A, Ankle perturbation device used to assess muscle re-
flex characteristics of the ankle joint. B, Typical muscle reflex char-
acteristics during an inversion perturbation trial.

influential consideration in reflex testing that is not under ex-
perimental control in vivo is the descending brain stem and
cortical commands modulating apha and gamma motor neu-
ron pool excitability. For example, anticipation and expecta-
tions based on prior experience, both of which arise at the
cortical level, have been demonstrated to alter postural reflex
latencies and sequences of activation.83

During more functional tasks involving both the lower and
upper extremities, such as walking (Figure 6A), landing, and
throwing, EMG enables quantification of muscle activation se-
quences, amplitude, and duration.8*-87 Often a task is subdi-
vided into phases according to joint loading to determine pre-
paratory and reactive muscle activity (Figure 6B). Preparatory
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Figure 6. A, Electromyographic analysis of the lower leg muscles
during a gait activity on a treadmill. B, Phase delineation of typical
muscle activity during gait.

activity is often operationally defined as the activity occurring
before foot contact, whereas reactive activity encompasses the
area of muscle activity occurring after foot contact. Severa
investigators have considered differences in muscle activation
sequences and amplitudes®*8588-90 gnd sex differences®-93
between normal subjects and groups with various conditions.
In addition to comparing normal and pathologic groups, sev-
eral investigators have considered the effects of braces and
orthoses on EMG activity during functional tasks.%*

Muscle activation patterns have also been examined during
voluntary commands of specific motor patterns. With respect

to rehabilitation exercise, identifying the specific muscle ac-
tivation patterns characteristic of a particular exercise helps to
provide a scientific rationale for its use. %9 For example,
most recently, Henry98 qualified the degrees of coactivation
accompanying 6 selected shoulder rehabilitation exercises.
Similarly, by combining EMG with isokinetic assessments, in-
formation can be attained about coactivation patterns accom-
panying voluntary muscle activation®® and the ratio between
EMG activity and force production.1.100

Muscle Performance Characteristics

Measuring muscle performance characteristics has been an
integral component of sensorimotor system assessment for
many years. Several different assessment approachesinvolving
different types of muscle contractions are available, with iso-
kinetics being the most popular.19! |sokinetics involves keep-
ing the angular speed of a moving limb constant throughout
the range of motion,192103 jndependent of magnitudel® and
velocity of muscle contractions.1%4 Although isokinetic con-
tractions have been criticized as a nonfunctional mode of mus-
cle contraction, they continue to be used extensively because
of the ease of quantifying torque, work, and power in aclinical
setting. A thorough review of isokinetic testing, assessment
interpretation, and application has been published.101

It is important to recognize isokinetic measures as represen-
tative of the resultant body segment torque produced by vol-
untary skeletal muscle activation. Isokinetic torque does not
immediately or directly reflect muscle force production but
rather the final outcome of a descending neural command on
the muscles across a limb segment. In other words, torque is
a function of many factors, such as level of muscle activation,
muscle dynamics (length and velocity), joint geometry (mo-
ment arm length and joint congruency), limb weight (inertia),
and movement velocity.102 As ajoint is moved though arange
of motion by muscle activation, several of these factors
change, giving rise to varying torque production capabilities
despite similar activation levels. Additionaly, different com-
binations of compressive and rotary forces result from similar
activation levels as a joint moves through the full range of
motion. This has been hypothesized to affford muscles the
ability to provide dynamic stability at end ranges while re-
maining a prime mover through the midranges of motion.105

Sufficient voluntary activation of muscle (timing and mag-
nitude) does not guarantee that the same muscle will perform
as an adequate dynamic stabilizer for a mechanically unstable
joint. Several studies have demonstrated the absence of a re-
lationship between isokinetic peak torque and functional abil-
ities in ACL-deficient subjects!% and healthy individuals.197
Further research is needed to consider the relationships be-
tween voluntary muscle activation and force production ca
pabilities and the function of the dynamic restraint mecha
nisms during functional activity.

Kinetic and Kinematic Measurements

Function and maintenance of the body’s structures requires
balancing forces that originate from both the environment and
within the body. Sources of environmental forcesinclude grav-
ity, friction, and contact with other objects, whereas interna
forces most often originate from muscle activation and re-
straint provided by ligaments. It is the science of biomechanics
that studies the effects of forces acting on or being produced
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Figure 7. A, Assessment of ground reaction forces during a land-
ing task. B, Typical vertical ground reaction forces during landing.

by the body during human movement through measurement
techniques such as kinetic and kinematic analyses.6!

Kinetics is the study of forces that cause movement and
resulting energetics.51 Although forces can be measured di-
rectly through surgically implanted transducers, they are more
commonly measured indirectly using force platforms. Force
platforms can assess force in 3 orthogonal vectors (2 horizon-
tal, 1 vertica) and the moments around each vector. From
these force data, variables such as peak force, time to peak
force, and impulse can be calculated to describe the forces
associated with acceleration of the body’s center of mass (Fig-
ure 7).

In comparison, kinematics is the study of motion indepen-
dent of the causative forces and includes measurement of lin-
ear and angular displacements, velocities, and accelerations.6:
Kinematic measurements are accomplished by tracking the
displacement of specific body segments during motion. This
can be accomplished with devices such as high-speed cam-
eras,108.109 glectromagnetic tracking systems,110111 glectrogo-
niometers, 112113 gnd accelerometers, 114115

Using reflective markers that reflect either natura lighting
or infrared light, depending on the system, high-speed video
cameras can capture movement of these markers both digitally
and on a videocassette tape during functional activities such

Figure 8. A, Kinematic analysis of the golf swing using a high-
speed video camera system. B, Three-dimensional representation
of the golf swing for kinematic analysis.

as hitting a golf ball (Figure 8A). From the tracking of these
markers, segment models can be created for the assessment of
the desired segment (Figure 8B). One limitation of video-
based systems is the enormous amount of time associated with
digitizing the videotaped footage for segment analysis after
collection. Electromagnetic tracking systems use an electro-
magnetic transmitter that emits a spherical electromagnetic
field with a radius of 91.44 to 365.7 cm and receivers fixed
to the desired limb segments. From the 3-dimensional position
vectors of these sensors, as well as orientation (yaw, pitch, and
roll) within the electromagnetic field, segmental kinematic data
can be caculated. The mgjor limitation of this assessment
technique is that all movements must be performed within the
emitted electromagnetic field for accurate measurement. Elec-
trogoniometers are instrumented strain gauges that provide rel-
ative joint angle data. The limitation of such devices is their
lack of reliability among observers and the fact that angular
changes of less then 10° may provide invalid results.116 Fi-
nally, accelerometers, as the name would suggest, measure ac-
celeration. From these acceleration data, both velocity and po-
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sition of the desired limb can be calculated through derivative
calculations. Combining synchronized kinetic and kinematic
data with anthropometric data will allow calculations and pre-
dictions concerning joint-reaction forces and muscle moments
to be made through the process of link-segment modeling.51

Kinetic and kinematic measurements have been widely used
to identify functional adaptations in patients with mechanically
unstable joints. For example, video motion analysis of patients
with an ACL rupture revealed increased knee flexion during
hopping and walking, suggesting that these individuals exhibit
a ‘‘quadriceps-avoidance gait.” 117.118 By providing measures
for the outcomes of muscle activation during functional tasks
and movement sequences, these assessment tools will continue
to increase our understanding of successful and unsuccessful
motor adaptations secondary to joint instability.

Postural Control Measures

Postural control has been one of the most misconstrued con-
cepts within the sensorimotor system. Deficits in postural con-
trol after orthopaedic injury have been largely attributed to
disruptionsin the integrity of the afferent information that aris-
es from ligamentous and capsular mechanoreceptors, despite
the importance of articular information for postural control
being largely unknown. Although the exact significance of
proprioceptive information for postural control remains un-
known, the somatosensory system as a whole has been dem-
onstrated to play a mgor role.#119-121 postural control com-
bines sensory input from 3 sources (somatosensory, visual,
and vestibular) within the central nervous system to develop
postural control strategies executed by the joints throughout
the kinetic chain. Thus, postural control can become disrupted
after articular injury not only from diminished afferent artic-
ular information but also by virtue of central strategy selection
changes (eg, central inhibitions) or deficiencies in the motor
systems (eg, strength, mechanical stability) or both.

During postural control assessments, because each of the
sensory sources (somatosensory, visual, and vestibular) can
compensate for reductions in the contributions from the re-
maining sources,* specific techniques must be used for infer-
ences to be drawn concerning the integrity of each source.
Using unstable, compliant, or moving support surfaces is be-
lieved to alter somatosensory input that arises from foot con-
tact with the support surface. Other methods of diminishing
or atering mechanoreceptor inputs include local anesthetic in-
jection, 122123 inducing ischemial?2123 or hypothermig, 124125
and vibration.2627 Altering visual inputs is usualy done by
eliminating visual information (eg, eye closure) or providing
inaccurate visual information through sway referencing!26.127
or conflict domes.'?8 Vestibular inputs have been altered
through head tilting'2® and galvanic stimulation.130

Because postural control is specific to the task,81:102.131 gn-
other important consideration in conducting postural control
assessments is the type of task used. Generally, the task in-
volved with an assessment can be considered to either remain
in equilibrium or to maintain equilibrium while another activ-
ity is performed. Assessing the ability to remain in equilibrium
is frequently done during periods of quiet stance?2132 or after
support surface perturbations*133.134 or bodily delivered per-
turbations.112.135 The size and shape of the base of support are
commonly manipulated. Single-leg assessments provide a
means for bilateral comparisons, an often important applica-
tion in orthopaedic settings. In addition, single-leg stance re-

Figure 9. Multivariate assessment of postural control using force
plate, electromyographic, and motion analysis.

quires the body’s center of gravity to be reorganized over a
narrow and short base of support, thereby increasing the im-
portance of segmental control in the frontal plane. In contrast
to the assessment task of maintaining equilibrium, conscious
attention is not normally required or centered on maintaining
postural control during activities of daily living. Typically, a
conscious motor command is initiated (eg, running) with the
specific details of the movement (eg, sequence of muscle ac-
tivation) programmed by various areas of the central nervous
system, whereas the conscious can shift focus to another
thought. Thus, it naturally follows that postural control as-
sessments should include circumstances that attempt to dupli-
cate similar scenarios. An example of this type of task is the
single-leg hop stabilization test.136

In addition to a variety of assessment tasks, many different
measurement techniques have been used to quantify postura
stability and the types of strategies selected for maintaining
equilibrium (Figure 9). Generally, postural control measure-
ment techniques can be considered as either clinical or instru-
mented. Clinical measures are obtained without sophisticated
equipment. Examples include error scoring systems!36.137 gnd
measurement of the length a person can reach!38 or the time
one can maintain equilibrium in a given stance (or both).131.139
Instrumented measures are frequently obtained from support
surface sensors, with force platforms being the most dominant
tool used. Force plates provide the opportunity to monitor cen-
ter of pressure and variability in horizontal and vertical reac-
tion forces associated with corrective muscular actions. In ad-
dition to measuring changes in postural control through the
support surface, kinematic methods can be used to determine
the types of movements that occur at each limb segment. Last-
ly, by incorporating EMG measures, levels of coactivation and
characteristics of muscle responses to postural perturbations
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Figure 10. A, Ankle joint stiffness assessed during passive move-
ment using position data from an isokinetic dynamometer and
torque data from an externally fixed load cell. B, Typical joint stiff-
ness derived from the slope of the position versus torque data.

can be determined. Many of these measurement techniques can
also be used during rehabilitation after injury.140

Studies of disruptions in postural control after orthopaedic
injury as measured through force plates during static stance
have yielded controversial results. Although some investi-
gators have found decreases in postural stability after joint
injury,132.141-144 others have failed to elicit significant dif-
ferences.145-147 Since force plates depend on center-of-pres-
sure changes and forces exerted against the platform, they
may fail to reveal alterations that occur at proximal limb seg-
ments. Several researchers have reported aterations in pos-
tural control strategies during quiet stance!32 and after per-
turbation.133134 These results may support the idea that a
pathologic joint condition disrupts postural control not only
from a sensory perspective but also viathe central integration
processes or deficiencies in the motor system (or both). An
additional use of postural control measures in athletic train-
ing research is the area of mild head injury. Several reports
have documented changesin postural stability in athleteswho
sustain mild head injury using both clinical and instrumented
measures.126-128.148 Fyrther research is needed to consider

postural control through force plate, kinematic, and EMG mea-
sures during more dynamic and functional activities.

Muscle and Joint Stiffness

Muscle stiffness, defined as the ratio of change in force per
change in length,1491%0 s beginning to receive attention from
several perspectives within orthopaedic research. Interestingly
enough, the closely related characteristic of joint stiffness has
been a subject of interest for many years in the rheumatol ogy
field.151.152 |n contrast to muscle stiffness, which refers spe-
cifically to the stiffness properties exhibited by tenomuscular
tissues, joint stiffness involves the contributions of all of the
structures located within and over the joint (muscles, tendons,
skin, subcutaneous tissue, fascia, ligaments, joint capsule, and
cartilage).151.152 |n our previous articles,23 we reviewed the
theoretic importance of stiffness to functional joint stability
and the role of joint mechanoreceptors in stiffness regulation.

Several testing models have been used to measure stiffness
during various levels of muscle activation. The first method
measures the resistance to passive movement of the joint and,
therefore, reflects the stiffness characteristics of al structures
that span the joint (joint stiffness) (Figure 10A).151.152 Data
regarding angular position and resistance are related using a
polynomial equation, with the slope of the line representing
stiffness due to elasticity (Figure 10B).152 Recently, this model
was applied in an orthopaedic investigation determining the
effects of sex and joint angle on the contribution of the gas-
trocnemius muscle to ankle joint stiffness.153

Sinkjaer et al1®*-156 have used a complex version of this
testing design with a high-speed, servo-controlled motor to
produce angular perturbations. The motor-driven device ap-
plies a high-velocity, low-amplitude dorsiflexion movement to
the ankle. The perturbation device uses potentiometers to mea-
sure the resistance of the ankle for the dorsiflexion movement
and ankle joint position and EMG to measure reflexive muscle
activity. Through their series of studies, Sinkjaer et al154-156
have been able to quantify not only the contributions of in-
trinsic stiffness (stiffness before sensorimotor activation of the
stretch reflex) but also the role the stretch reflex plays in pro-
viding joint stiffness (extrinsic stiffness). Extrinsic stiffness
data may suggest that although joint stiffness is increased
when compared with intrinsic stiffness alone, the reflex may
not react quickly enough to support the joint, indicating that
intrinsic stiffness may be a more vital component of stability.
Intrinsic stiffness provides the first line of defense for joint
stability when force is applied to the joint.149.156-160 Simi|arly,
Kirsch, Kearney, and Hunter161-163 have used similar methods
to determine the influence of activation levels and angular po-
sition on joint mechanics and stiffness.

Another stiffness testing approach focuses more on the stiff-
ness of the musculotendinous complex crossing a particular
joint by using a single-degree-of-mass spring system with a
damping component.149.164.165 \\jith this method, 2 different
approaches have been used. Oatis'®* assessed stiffness by mea-
suring the damping of joint motion during muscle relaxation.
For example, the subject was seated with the lower leg hang-
ing off the table. Each trial consisted of the tester holding the
relaxed leg of the subject, then dropping the limb, allowing
for free pendulum motion. From knee-flexion data obtained
with an electrogoniometer, as well as anthropometric assess-
ment of limb characteristics, knee stiffness was calculated. Un-
like Qatis,164 who calculated stiffness in the absence of muscle
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contraction, McNair et a4 and Wilson et al165 measured the
damping to induced oscillations under varying degrees of mus-
cle contraction. McNair et al149 positioned subjects prone with
the knee and hip flexed at 30° of flexion. By having subjects
contract at 30%, 45%, and 60% of a hamstring maximum vol-
untary contraction, gentle downward force was applied to the
posterior aspect of the limb. McNair et al149 calculated stiff-
ness by measuring the oscillation characteristics of the limb
using an accelerometer. As one would expect, stiffness in-
creased as a function of muscle contraction because of in-
creased cross-bridge activation.14® McNair et a49 found a
moderate correlation between hamstring muscle stiffness and
functional ability in ACL-deficient individuals. These results
suggest that the hamstrings may resist anterior translation of
the tibia in the absence of the ACL.

Lastly, stiffness has been measured during functional tasks
such as running,166:167 hopping,168.169 and landing.17° Stiffness
during these activities has been calculated by determining ei-
ther the relationship between the vertical ground reaction force
and center-of-mass displacement16” or the natural frequency of
the equivalent mass-spring system.1’0 The advantage to these
methods is being able to assess stiffness during functional
movements. Future researchers should consider using these
methods to advance the findings of McNair et a with respect
to ACL-deficient participants and to possibly explain the in-
creased incidence of noncontact ACL injuries in females.

CONCLUSIONS

Collectively, the techniques we have discussed in this article
provide a means to evaluate the integrity and function of sen-
sorimotor components by measuring variables along the affer-
ent or efferent (or both) pathways and the final outcome of
skeletal muscle activation. In most of the studies, these tech-
nigues have been used in isolation to compare normal and
abnormal groups. However, conducting comprehensive com-
parisons of variables located on both the afferent and efferent
pathways in patients with different combinations of mechani-
cal and functiona stability status may better solidify our un-
derstanding of the sensorimotor system. These types of inves-
tigations have the potential advantages of identifying the
coexistence of sensorimotor deficits after injury and the suc-
cessful compensatory patterns developed in patients maintain-
ing functional joint stability in the absence of mechanical sta-
bility.

Once deficits and effective compensatory patterns are iden-
tified, investigators can begin to examine the efficacy of man-
agement strategies, both conservative and surgical, in restoring
functional joint stability. The measurement techniques dis-
cussed in this article also can be applied to prospective and
preventive considerations of joint injury. Current major re-
search trends include identifying sex differences and the influ-
ence of fatigue as predisposing factors to joint injury. Opti-
mizing the application of sensorimotor research to clinical
settings requires the use of common nomenclature and tech-
nigques understood by both clinicians and researchers. Our pur-
pose was to initiate a bridge of understanding by providing an
overview of the currently available sensorimotor measurement
techniques and procedures.
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